For Majorana dark matter, gauge boson bremsstrahlung plays an important role in enhancing an otherwise helicity-suppressed s-wave annihilation cross-section. This is well known for processes involving a radiated photon or gluon together with a Standard Model fermionantifermion pair, and the case of massive electroweak gauge bosons has also recently been studied. Here we show that internal Higgs bremsstrahlung also lifts helicity suppression and could be the dominant contribution to the annihilation rate in the late Universe for dark matter masses below ∼ 1 TeV. Using a toy model of leptophilic dark matter, we calculate the annihilation cross-section into a lepton-antilepton pair with a Higgs boson and investigate the energy spectra of the final stable particles at the annihilation point.
Introduction
As the latest Planck results indicate that dark matter (DM) forms ∼ 26% of the energy density of our Universe (in standard ΛCDM cosmology) [1] , a new generation of upcoming experiments raises the prospects of elucidating its nature. Together with the discovery of a Higgs boson [2] and the direct exploration of the TeV scale at the LHC, the phenomenological window begins to narrow down the landscape of possibilities. Many well-motivated models of new physics provide DM candidates which may be observable through their annihilation with each other into Standard Model (SM) particles. Interpreting DM indirect detection experiments relies upon understanding the production of SM particles at the annihilation point, before they get propagated through astrophysical models to yield the final flux measured at Earth. It is thus essential to include all relevant processes when calculating DM self-annihilation rates.
The velocity-weighted annihilation cross-section may be decomposed when off-resonance [3] into a velocity-independent s-wave part and a velocity-dependent p-wave part to order v 2 in the DM velocity, σv = a + bv 2 + O(v 4 ). If the DM particle, χ, is a Majorana fermion then the s-wave contribution of the two-to-two annihilation into a SM fermionantifermion pair, χχ → ff , is suppressed by (m f /m χ ) 2 and vanishes in the chiral limit m f → 0. The surviving p-wave contribution is itself velocity-suppressed, since for our current Universe v ∼ 10 −3 c in the Galactic halo. It was pointed out early on [4] that photon and gluon bremsstrahlung corrections in χχ → γff and χχ → gff processes lift the helicity suppression in Majorana dark matter annihilations. Despite these higherorder processes being reduced by an extra coupling and phase-space factor ∼ α em,s /π, the additional s-wave contribution is not velocity-suppressed and could therefore enhance the annihilation rate.
In the last few years there has been renewed interest in bremsstrahlung corrections, this time with a massive electroweak gauge boson in the three-body final state 3 [6] [7] [8] [9] [10] [11] [12] [13] .
The annihilation rate in this case can also be larger than the helicity-and velocitysuppressed two-body process, with the subsequent decays of the W ± /Z bosons phenomenologically relevant for the flux of antiprotons, neutrinos, photons and positrons measured on Earth. This effect is relevant for models that seek to explain the PAMELA [14, 15] and AMS-02 [16] positron excess without affecting the antiproton flux [17] that is compatible with the expected astrophysical background [5] . The fragmentation products of electroweak gauge bosons open up the hadronic final state for leptophilic DM models and therefore place more stringent constraints. The impact on neutrino signatures from DM annihilation in the Sun has also been investigated [18] .
The recent discovery of a Higgs boson turns this last theoretical piece of the SM jigsaw into experimental fact. Its phenomenological consequences in particle physics (and "in space!" [19] ) can now be assessed more accurately. For the case of Majorana DM we find that the two-to-three χχ → Hff process with a radiated Higgs also opens up the s-wave and can even be the dominant channel for m χ 1 TeV. The purpose of this paper is to present a first calculation of the effects of Higgs bremsstrahlung in Majorana DM annihilation, using the toy model described in Section 2. In Section 3 the cross-section of this new Higgs-strahlung process is analysed and compared to that of the radiated W ± , Z and γ vector boson case. The subsequent decay of the Higgs and its effect on the flux of stable SM particles is considered in Section 4. We conclude in Section 5 with some comments on the importance of this effect for indirect detection experiments. Details of the Higgs-strahlung calculations and analytical expressions can be found in Appendix A.
Dark Matter Model
We consider a Majorana fermion χ, neutral under the SM gauge group, as the DM particle. χ is taken to be odd under an exactly conserved Z 2 symmetry, with SM particles being even, to ensure DM stability. With only this additional particle there are no dimensionfour Lorentz-and gauge-invariant interaction terms with SM fermions. This suggests either an effective Lagrangian approach [20] or adopting a minimal completion. We choose the latter option so as to include non-decoupled scenarios where the effective approach breaks down, and add an SU(2) L doublet scalar η = (η
singlet under SU(3) c with hypercharge 1/2 and mass m η ± , m η 0 > m χ . We consider only the DM coupling to the first generation of leptons, treated as massless, by giving the η doublet fields an electron lepton number of −1. The resulting Lagrangian is [9, 21] 
where L = ν eL e L and the scalar potential, including the SM Higgs doublet Φ =
, can be written as
For all values of µ 2 1 and µ 2 2 , the condition that V scalar be bounded from below requires [22] . By assuming µ 
We assume a SM Higgs with mass ∼ 125 GeV throughout, consistent with the measured properties of the newly-discovered boson. Note that λ F parametrizes the mass degeneracy between the charged and neutral η scalars. We define the dimensionless ratios
though in practise we will specify λ F and r ± with the neutral scalar mass fixed by the
Such a model is equivalent to a pure Bino DM interacting via an SU(2) L sfermion doublet in the minimal supersymmetric extension of the Standard Model (MSSM), and may be extended to encompass fully realistic theories. For example the case of a general neutralino DM has been calculated in full for electroweak gauge boson bremsstrahlung [23] .
As our aim is to illustrate the relative importance of Higgs bremsstrahlung it is not necessary to go beyond the simplified setup used here and widely elsewhere in the literature.
We see that the λ D and λ F terms have a similar form to the D-term and F-term, respectively, in the MSSM Lagrangian, where the η's would then be the first generation left-handed selectron and sneutrino. In this scenario λ F is proportional to the square of the Yukawa coupling which vanishes in the chiral limit, while λ D is proportional to the square of the electroweak gauge coupling. However we note that in the MSSM the D-term Lagrangian is different for the left-handed selectron and sneutrino, since aside from the common U(1) Y coupling they also have different SU(2) L couplings.
In addition to the doublet model we will bear in mind the singlet model [24] in which the scalar η is an SU(2) L singlet with hypercharge 1. The Lagrangian is identical to Eq. (2.1) with λ F = 0 and the replacement Liσ 2 → e R (as well as the appropriate gaugecovariant derivative for the scalar kinetic term). The singlet model corresponds to a Bino DM interacting with a right-handed slepton in the MSSM, and it is interesting to note that indeed in the stau-neutralino coannihilation region of the Constrained MSSM (CMSSM) the neutralino is mostly a Bino and the stau is mostly right-handed [25] .
Lifting Helicity Suppression With Higgs Bremsstrahlung
The cross-section for the two-body χχ → e + e − , ν eνe process with massless final state fermions is easily found to be
which contains no s-wave part. Including a gauge boson γ, Z or W ± in the final state adds the Feynman diagrams 4 shown in Fig. 1 to the annihilation cross-section, which are known to include an unsuppressed s-wave contribution. We calculate these using
FeynCalc [27] with the method and analytical expressions summarised in Appendix A. We briefly recall here why the two-body process turns out to be helicity suppressed Let us now consider a radiated Higgs boson in the three-body final state. The preceding argument for an unsuppressed s-wave still applies as the final state leptons need only recoil against a boson regardless of its scalar or vector nature. For massless final state fermions the only diagrams of Fig. 1 that contribute to the amplitude will be the middle two internal bremsstrahlung ones. It will be useful to look at the χχ → Hff amplitude in detail to illustrate explicitly how the helicity suppression is lifted, arguing analogously 5 See Ref. [28] for a detailed analysis of the 2 → 2 case.
to the electroweak gauge boson case in Ref. [8] .
Labelling the initial state DM particles and final state fermions momenta by p 1 , p 2 and p 3 , p 4 respectively, with the Higgs momentum denoted p 5 , we may write for the process χχ → He + e − the total amplitude corresponding to the internal bremsstrahlung diagrams
where the propagator factor D ij is defined as
This expression is obtained after applying a Fierz transformation to the amplitude of Eq. (A.1) in Appendix A in order to group the initial and final states into respective fermion bilinears. The amplitude for the process χχ → Hν eνe can be obtained by the substitution λ D → λ D + λ F and r ± → r 0 in the above equations.
The initial state bilinear of the current has a vector part proportional to 
which has a coefficient proportional to
in the large r ± limit. We can then use the Gordon identity to rewrite this as
The second term is also velocity suppressed since ( The s-wave cross-section is obtained in Appendix A by integrating the squared amplitude over three-body phase space. Fig. 2 shows the result for the doublet model on a plot of the three-to two-body annihilation cross-section ratio R as a function of varying r ≡ (m η ± /m χ ) 2 , keeping m χ fixed at 300 GeV, λ D = 1, λ F = 0 (corresponding to the degenerate scalar mass case m η ± = m η 0 ) and v = 10 −3 . The two-body cross-section in the ratio R is defined as
We have validated our results by comparing with those of Refs. [7, 8] and find them to be consistent when the same conventions are taken into account.
The dashed red, orange and green lines denote γ, Z and W ± bremsstrahlung respectively, by increasing order of strength, and we note that for the singlet model W ± bremsstrahlung cannot occur. We see that the solid blue line representing Higgs-strahlung is in this case the dominant contribution. The ratios R fall as expected when the scalar decouples with increasing r, but can become several orders of magnitude larger as the DM and mediator mass are increasingly degenerate. This scenario naturally occurs for example in neutralino-sfermion coannihilation regions of the MSSM parameter space, as mentioned earlier in Section 2.
Next in Fig. 3 we look at the effect on the cross-section ratio R of keeping the DMmediator mass splitting parameter r fixed to He e HΝ e Ν e , Λ D 1 Figure 4 : DM annihilation cross-section to three-body final states H, W ± , Z, γ, normalised by the total two-body rate σv(χχ → e + e − ) + σv(χχ → ν eνe ), as a function of the scalar mass degeneracy parameter λ F for r ± = 1.2, m χ = 300 GeV and v = 10 −3 . λ D = 1 for the solid blue line, with the dotted blue lines denoting the Higgs-strahlung cross-section range when varying λ D from 0.5 to 1.5.
the mass of the η 0 that suppresses the cross-section as λ F becomes large, and unlike the W ± there is no enhancement from the longitudinal component.
Energy Spectra of Final States
Indirect detection experiments search for DM through the spectrum of stable final states after its self-annihilation, and the inclusion of a radiated Higgs will affect this expected cosmic ray flux. In this section we investigate the energy spectrum of the stable SM particles after the Higgs decay. The most promising channels to disentangle a signal from astrophysical background are the photon, neutrino, antiproton and positron final states, which we will focus on here.
We start with the energy spectrum of the lepton, antilepton and boson originating from the hard process of the DM annihilation. The subsequent decay and fragmentation of the radiated bosons B = H, Z, W ± is handled in Pythia 8.176 [29] . We have written our own Monte-Carlo (MC) that generates events for each three-body process χχ → Bff by randomly sampling the volume of the double-differential cross-section over the kinematic phase space. These are then passed to Pythia in order to simulate the subsequent showering into stable SM particles. We have checked that the MC reproduces the distributions of Fig. 5 when the boson decay is switched off, and validated the results after decay by comparing with Ref. [9] .
Using this setup a total of 9 × 10 6 events were generated with the relative number of events for each channel, proportional to their cross-sections. In Fig. 6 we fit the numerical results and plot the individual normalised spectrum
for each channel i separately. The flux originating from W ± , Z, γ and H bremsstrahlung are denoted by dashed green, orange, red and solid blue lines respectively. The final stable particles p j =p, e + , (ν e + ν µ + ν τ ), γ labelled by j are displayed clockwise starting from the anti-proton spectrum on the top left. The photon channel only contributes to the gamma spectrum, with the famous bump at high energy, and to the positron spectrum from the primary final state leptons. The electroweak bremsstrahlung on the other hand opens up the hadronic decay to antiprotons despite our leptophilic model, with subsequent showers generating a low-energy tail of additional leptons and photons. In addition to these well-known processes, we see a significant addition to the spectrum from Higgs-strahlung.
Combining all the channels together yields the final energy spectrum at the annihilation source. In Fig. 7 The distribution calculated here must be propagated from the annihilation point to the Earth, with various astrophysical uncertainties and solar modulation taken into account, in order to obtain the final flux of cosmic rays measured by experiments. Any features in the positron spectrum would be washed out by this process while the antiproton spectrum would be less affected. The neutrino and gamma ray features are essentially expected to be preserved. A full simulation would take us beyond the scope of this work as our aim is not to place exclusion limits but to highlight the importance of Higgs-strahlung contributions.
Conclusion
We have calculated the effects of including a radiated Higgs in Majorana DM annihilation to two leptons and found this to dominate over photon and electroweak bremsstrahlung for m χ 1 TeV and λ D ∼ O(1). This holds over the usual range m η 4m χ in which annihilation to three-body final states is larger than annihilation to two leptons. The
Higgs coupling to the mediating scalars is parametrically similar to the longitudinal W ± which can also take part in bremsstrahlung processes, but unlike this latter case the Higgs coupling does not vanish in the limit of equal charged and neutral scalar mass.
We also note that for models in which the mediating scalar is an SU(2) L singlet the Higgs-strahlung contribution remains while W ± bremsstrahlung no longer plays a role.
Taking into account Higgs-strahlung we find that the decay and showering of final state particles yields a significantly higher flux of stable SM particles than with only photon and electroweak bremsstrahlung. Given the generic nature of this process we argue that it should be included in any realistic exclusion limits based on antiproton or positron signatures, and in searches for neutrinos from solar DM annihilation which are sensitive to the same DM mass range 1 TeV in which Higgs-strahlung is significant.
